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Abstract

High-spin states in "W have been populated using the '®Dy('®0,5n) reaction at a beam
energy of 83 MeV. Six new high-K bands based on 3-, 5- and 7-quasiparticle excitations have been
observed. Nilsson configurations for these bands are discussed, and experimental and calculated
g-factors are compared. Decays of the K7 = %+ 5-quasiparticle state to the members of the
K" = %+ band have been observed. The decay rates are compared with predictions calculated
within a tunneling model where the nuclear shapes are considered to change along the y direction
in the (€2,7) deformation plane. (©) 1997 Elsevier Science B.V.

PACS: 21.10.Hw; 21.10.Tg; 21.60.-n; 23.20.-g

Keywords: NUCLEAR REACTIONS '%Dy('30,5n), Epean = 83 MeV; measured yy coin., Ey, Iy; TTW
deduced levels, J, , T%, lgx — grl/Qo, B(M1)/B(E2), §; Enriched target; Array of Compton-suppressed
HP-Ge detectors.

1. Introduction

In prolate deformed axially symmetric nuclei, the projection of the angular momentum
on the symmetry axis, K is a constant of the motion. As a result, decays of high-K
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states take place stepwise so that a change in K value is minimized. In other words,
transitions between different K states are governed by the K-selection rule:

V=|Ki—Kf|—/\<0,

where the value of v denotes the order of K-forbiddenness and A the multipole order
of the transition between the states. Transitions with » > 0 are observed to be hindered
by factors of 10-100 per degree of K-forbiddenness [1]. However, in high-spin studies
of '7*Hf [2,3], "W [4,5] and '20s [6], surprisingly small hindrances have been
observed in the decays of the high-K isomers to the ground state bands (K = 0). Since
in the (€3,7) deformation plane, a high-K isomer and ground state band members are
defined as y = —120° and vy = 0°, respectively, with an approximately same e, value,
the importance of the y-deformation degree of freedom which would couple these states
was stressed in Refs. [4-7]. Recently, systematic analysis of the K-isomer decays
in the Hf-W-Os region has been performed using the y-tunneling model where the
large-amplitude shape fluctuations on triaxiality are taken into account and has revealed
excellent agreement between the measured decay rates and the calculated y-tunneling
probabilities [8]. The present data set provides a further case in which the y-tunneling
model reproduces the measured decay rate of the high-X state to the low-X band.

In this paper we also deal with intrinsic structures of the known 1-quasiparticle bands
which are extended to higher spins and of new high-K bands characterized as 3-, 5- and
7-quasiparticle configurations. The band properties will be discussed in connection with
the measured g-factors, alignments as well as band crossing frequencies.

2. Experimental procedure

High-spin states in '77W have been studied using the '%*Dy('80,5n) reaction. An
80 beam at 83 MeV was delivered from the FN tandem accelerator at the Niels Bohr
Institute. A 2.0 mg/cm? Dy target with 11 mg/cm? lead backing was placed at
the centre of the NORDBALL spectrometer which consists of sixty individual BaF,
scintillation detectors (inner ball) surrounded by twenty Compton-suppressed HP-Ge
detectors. In this array, four rings of five Ge detectors were positioned at angles of 37°,
79°, 101° and 143° with respect to the beam direction. In order to measure low energy
v rays, two of the GMX-Ge detectors were replaced by two LEPS detectors in the latter
half of the experiment. Double- and higher-fold coincidence events were recorded on
magnetic tapes, including the time information of each y-ray signal relative to a BaF,
event. Approximately, 880 x 10 prompt yy and 80 x 10° prompt yyy events were
collected. A level scheme of '"7W is established using the symmetrized yy and yyy
coincident matrices with the aid of the computer code RADWARE [9,10]. Energy and
efficiency calibrations of Ge detectors were carried out using a mixed source of 133Ba,
134Cs and '3%Eu.

In order to make spin (and parity) assignments of levels, Directional Correlations
of y rays deexciting Oriented states (DCO) [11,12] are analyzed. The DCO ratio is
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defined in the present paper as

I, at 37° gated by yg at 79°
I, at 79° gated by yg at 37°°

Rpco =

with a gate (yg) on stretched E2 transitions. The DCO ratios equal unity for stretched
E2 transitions, and values of 0.3~0.6 for mixed M1+E2 transitions, depending on the
mixing ratio & and the degree of spin alignment. For 4/ = 0 transitions with § =~ 0,
expected values are Rpco = 1. In the present study, several high-X bands based on
multi-quasiparticle excitations are observed. E2 transitions within these high-K bands
are in some cases too weak to be used as gates so that mixed M1-+E2 transitions
(Al = 1) are used as gates. In this case, the DCO ratios depend on the mixing ratio
& and the degree of spin alignment, but for stretched E2 transitions the DCO ratios of
1.5~3.5 are expected for § < 0 and around 1 for & > 0. For Al =1 transitions (8 ~ ()
gated on pure M1 transitions, the DCO ratios fall into unity.

3. Results

Before the present experiment, the level structure of "W was studied using the
B decay of '""Re [13,14] and the '""Hf(a,4n) [15], '®*Dy('80,5n) [16] reactions.
In these studies four 1-quasiparticle bands and a 3-quasiparticle band were identified.
In the present work, these bands are extended up to higher spins %N%Z R, and six
new multi-quasiparticle high-K bands have been observed. Resultant level schemes are
shown in Figs. 1 and 2. The placement of transitions and levels is based on coincidence
relations and relative intensities of the cascade 7y rays. The DCO ratios, as described
in the preceding section, are used to determine transition multipole orders. In addition,
presence of both cascade (4l = 1) and crossover (4] = 2) transitions in the bands
suggests spin values of the band members. Energies, intensities and level placement of
the observed 7y rays are summarized in Table 1. Uncertain spin and parity assignments
are indicated by brackets in Figs. 1, 2 and Table 1, while uncertain transitions are

illustrated with dashed lines in the level schemes.
3.1. Excitation energies of low-lying states

In the previous works [ 13-16], several intrinsic states at low excitation energy have
been observed. However, a detailed level scheme has not been established, possibly
due to the presence of isomeric states. The present new results with high statistics has
resolved the low-lying structure by means of LEPS detectors as shown in Fig. 3.

The excitation energies of the K7 = %— band are determined on the basis of the
observation of an inter-band transition to the ground state band. In Fig. 4, together
with the transitions in the K7 = %_ and %_ bands, a new line at 430 keV is clearly

seen, which corresponds to a transition I7,K = 3,3 — 37, 1. This suggests the

excitation energy of 2384 keV for the 7, K = %—% state, and hence Ex = 101 keV
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Table 1

y rays observed in 77W using the '%Dy('80,5n) reaction

763

Ey I,? U™, K); — U™, K)r Rpco Al
(keV)
6° - 5/2-,5/2 — 5/27,1/2
22¢ - 5/2-,5/2 - 3/2-,1/2
34¢ - 7/2=7/2 — 5/2-,5/2
50 240(16) 7/2+772 — 7/2=7/2
63.2(1) 308(25) 11/2%,7/2 — 9/2+7/2
79.3(1) - 3/2-,1/2 — 1/2-,1/2 0.83(11)4 1
84.8(1) 2202(104) 7/2+7/2 — 5/2=.,5/2 0.59(5)4 1
86.9(1) 203(10) 13/2+,7/2 — 11/2+7/2 0.31(3)4 1
88.0(10) 201(11) 11/2%,7/2 — 7/2%t7/2
94.9(1) - 5/2-,1/2 — 1/2—.,1/2 1.1(1)¢ 2
101.2(1) € 5/27,5/2 — 1/2=.1/2
101.6(1) 151(28) 7/2-,5/2 — 5/2-.,5/2 0.44(6)4 1
116.5(1) 4(1) 21/221/2 — f
117.0(2) 37(3) 11/2-,7/2 — 11/2+,7/2
117.2(1) 271(14) 9/2=,7/2 — 7/2=,7/2 0.32(3)¢ 1
127.9(1) 272(12) 17/2%7/2 — 15/2+7/2 0.36(3)¢ 1
130.7(1) 58(7) 9/2-5/2 — 7/2-,5/2 041(7)¢ 1
134.3(1) 439(19) 15/2+7/2 - 13/2+,7/2 0.32(3)¢ 1
137.1(1) 55(3) g
139.6(1) 247(13) 11/2-,7/2 — 9/2=,7/2 0.30(3)¢ 1
143.7(1) 42(2) 31/2%29/2 — 29/2%29/2
144.3(1) 157(7) 21/2+,19/2 — 19/2+,19/2
149.5(1) 145(7) 13/2%,7/2 — 9/2%,7/2 0.89(11)9¢ 2
151.0(1) 73(4) 9/2—,17/2 — 5/27.5/2
151.1(1) 115(5) 21/2%7/2 — 19/2%,7/2 0.37(4)4 1
157.8(1) 79(4) 11/2,5/2 — 9/27,5/2 0.39(5)4 1
159.4(10) 3(1) 33/2%7/2 — 31/2%,7/2
160.2(1) 189(9) 13/2—,7/2 — 11/2—,7/2 0.31(3)9 1
160.7(1) 41(2) 25/2+7/2 — 23/2%7/2 0.36(9)¢ 1
162.7(1) 17(1) 29/2%7/2 — 27/2%,772 0.49(26)9 1
170.8(1) 57(3) 33/2+29/2 — 31/2129/2
180.0(1) 168(8) 15/27,7/2 — 13/2=,7/2 0.49(4)4 1
181.5(2) 42(4) 7/27,1/2 — 5/27,1/2
181.6(1) 63(3) 23/221/2 — 21/2,21/2
183.0(1) 87(5) 13/27,5/2 — 11/25/2 0.90(17)¢ 1
187.5(1) 125(6) 23/2%,19/2 — 21/2%,19/2
189.0(1) 51(3) 11/2—,7/2 — 7/2-,5/2
192.0(3) 14(2) 13/2—,7/2 — 13/2%,7/2
197.0(1) 133(6) 17/2=7712 — 15/2—,7/2 0.57(5)¢ 1
197.2(1) 299(22) 7/2- 172 — 3/2-,1/2 0.93(8)¢ 2
197.6(1) 25(3) 9/2—,5/2 — 7/2=7/2
201.2(1) 71(3) b
207.3(1) 43(3) 15/2—.,5/2 — 13/2—5/2 0.63(8)¢ 1
207.5(1) 59(3) 35/2%,29/2 — 33/2%29/2
207.8(1) 65(4) (33/2,33/2) — 31/2,31/2
210.0(1) 476(25) 9/27,1/2 — 5/27.,1/2 0.95(8)¢ 2
211.2(1) 297(13) 19/2+,7/2 — 17/2+,7/2 0.41(4)4 1
214.5(1) 100(5) 19/2—,7/2 — 17/2-,7/2 0.34(3)4 1
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Ey I? (7, K); — ™, K¢ Rpco® al
(keV)

217.5(1) 69(3) 25/2+,19/2 — 23/2%,19/2

219.2(1) 27(2) 13/27,7/2 — 9/2-.5/2

220.4(1) 588(26) 15/2+,7/72 — 11/72+,772 1.0(1)4 2
225.5(1) 26(1) (43/2%.41/2) — (41/21.41/2)

227.1(1) 80(4) 21/2=772 — 19/2—,7/2 0.35(6)¢ 1
227.9(1) 56(3) 25/221/2 — 23/221/2

228.3(2) 8(1) 17/2-.,5/2 — 15/27.,5/2

231.5(1) 32(4) 9/27,5/2 — 5/27,512 1.1(2)¢ 2
237.9(1) 55(4) h

238.0(1) 124(8) 11/2-5/2 — 9/2-.7/2

239.6(1) 16(1) i

241.0(2) 20(2) 15/2—,1/2 — 11/2-5/2

241.4(1) 46(3) 27/2%,19/2 — 25/2+,19/2

241.6(1) 55(3) 37/2+29/2 — 35/2%29/2

244.6(1) 68(3) 23/2-.7/2 — 21/2-,1/2 0.35(4)4 1
247.8(1) 37(3) (39/2,39/2) — 37/2,31/2

249.7(3) 8(1) 19/2-,5/2 — 17/2-5/2

252.4(1) 45(2) 25/27,1/2 — 23/2-77/2 0.49(4)94 1
256.3(1) 457(24) 11/2—,7/2 — 7/2-/2 1.0(1)¢ 2
256.3(1) 28(2) h

261.7(1) 33(2) 29/2+,19/2 — 27/21,19/2

261.8(1) 812(35) 17/2%,7/2 — 13/2+,7/2 1.0(1)4 2
262.7(10) 9(1) 21/2-,5/2 — 19/2-,5/2

262.9(1) 17(1) (45/2t,41/2) — (43/2%,41/2)

263.6(1) 65(3) 27/221/2 — 25/2,21/2

272.8(1) 24(1) 39/2+,29/2 — 37/2t29/2

273.1(1) 31(2) 29/277/2 — 27/2-71/2 0.54(5)% 1
273.4(2) 21(1) 11/2-,1/2 — 9/2-,1/2

273.9(1) 40(2) 27/27.1/2 — 25/27,7/2 0.54(5)%i 1
274.3(1) 97(5) 33/2,31/2 — 31/2,31/2

276.0(3) ~15 31/2%,19/2 — 29/2+,19/2

282.3(1) 83(4) 13/2-.,5/2 — 11/2=77/2

288.0(1) 69(3) 29/2,21/2 — 27/221/2

288.0(1) 156(9) 11/2-,5/2 — 7/2-,5/2 0.90(9) ¢ 2
288.5(1) 17(2) 33/27,7/2 — 31/2-,7/2

292.4(1) 63(3) (35/2,33/2) — (33/2,33/2)

294.3(1) 124(6) 23/2%,7/2 — 2172772 0.20(6) ¢ 1
294.9(1) 16¢1) h

296.0(1) 11(1) 33/2%,19/2 — 31/2%,19/2

296.5(1) ~7 41/2+29/2 — 39/2+,29/2

299.5(1) 617(28) 13/2-,7/2 — 9/2-77/2 1.o(1)4 2
301.7(1) 253(12) 11/2-,1/2 — 7/2-,1/2 1.0(1)¢ 2
302.4(1) 18(1) (47/2%,41/2) — (45/21.41/2)

302.5(1) 33(2) k — (39/2,39/2)

304.0(1) 25(2) 31/2-,7/2 — 29/277/2

307.3(2) 6(1) 37/2-,1/2 — 35/2-,1/2

307.8(1) 66(3) 35/2,31/2 — 33/2,31/2

310.3(1) 12(6) 31/2.21/2 — 29/2,21/2

314.0(10) <7 33/2%,29/2 — 29/2%,29/2
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Table 1 — continued

E, Iy? 7, K); — (7, K)¢ Rpco? Al
(keV)

315.8(1) 444(19) 13/2-,1/2 — 9/2=,1/2 1.0(1)4 2
315.9(1) 14(1) b

320 w! (43/2%,29/2) — 41/2+29/2
321.6(1) 57(3) 31/2,31/2 — 29/221/2 1.1(1)™ 1
325.0(1) 44(3) (37/2,33/2) — (35/2,33/2)

3252(1) 11(6) 33/221/2 — 31/2,21/2

329.4(1) 59(3) 15/2-,5/2 — 13/2—,7/2

330.5(1) 41(2) 37/2,31/2 — 35/2,31/2

331.8(1) 62(3) 23/2%,19/2 — 19/2%,19/2

335.6(1) 14(2) n

335.9(1) 18(1) 41/2%41/2) — 39/2+,29/2

338.0(2) 9(5) (49/2141/2) —  (47/2741/2)

338.9(1) 970(42) 19/2+,7/2 — 15/2%,7/2 1.o(1)4 2
340.0(1) 681(30) 15/2=,7/2 — 11/2-,7/2 1.0(1)4 2
340.4(10) 13(2) 35/277/2 — 33/2-,7/2

340.6(1) 214(11) 13/2—,5/2 — 9/2—,5/2 0.94(10)¢ 2
346.2(1) 21(2) (39/2,33/2) — (37/2,33/2)

347.8(1) 31(2) 39/2,31/2 — 37/2,31/2

350.5(2) 20(2) 15/2—.1/2 — 13/2-,1/2

351 19(3) 33/2-,7/2 — 29/27,5/2

356 15(3) 11/2-,5/2 — 7/2=1/2

358.5(1) 17(2) 21/221/2 — 21/2%,19/2 1.7(2)™ 0
360.9(1) 13(2) (41/2,33/2) — (39/2,33/2)

361.2(2) 6(2) 41/231/2 — 39/2,31/2

362.1(1) 1134(49) 21/2+,7/2 — 17/2+772 1.0(1)¢ 2
365.9(1) 6(3) (51/2+41/2)  —  (49/21,41/2)

367.3(10) 5(1) 39/2,7/2 — 37/2,712

369.5(1) 9(1) (43/2,33/2) — (41/2,33/2)

370.6(3) 6(1) 43/231/2 — 41/2,31/2

376.2(1) 6(3) (45/2,33/2) — (43/2,33/2)

376.8(1) 673(29) 17/2=7/2 — 13/2=,7/2 0.95(8)¢ 2
377.3(1) 51(3) 17/2-,5/2 — 15/2=,7/2

377.3(2) 7(4) 35/2+29/2 — 31/2+29/2 0.90(12)™ 2
377.6(1) 66(4) 27/2+,7/2 — 25/2+,7/2 0.55(7)d 1
384 2(1) (47/2,33/2) — (45/2,33/2)

386.7(1) 14(2) o — 19/2+,19/2

390.4(1) 243(12) 15/2—5/2 — 11/2—,5/2 0.96(9)9 2
391.3(3) 4(2) (53/2+41/2) —  (51/2t41/2)

392.6(1) 239(11) 15/2-,1/2 — 11/2-,1/2 1.0(1)¢ 2
404.9(1) 101(5) 25/2%,19/2 — 21/2+,19/2 3.7(4)m 2
408.6(1) 400(17) 17/2-,1/2 — 13/2-,1/2 0.96(8)4 2
408.7(3) 12(1) 19/2-,1/2 — 17/2-,1/2

409.5(1) 4(2) 25/221/2 — 21/221/2

411.3(1) 634(28) 19/2—,7/2 — 15/2-.7/2 0.95(8)¢ 2
411.4(2) 2() (55/2741/2) —  (53/241/2)

418.7(1) 20(1) i

421 4(3) 13/27,5/2 — 9/2-,7/2

427.0(2) 6(1) 31/2-,5/2 — 29/2-,1/2

430.0(1) 30(2) 19/2-,5/2 — 17/2-7/2




766

Table 1 — continued

T. Shizuma et al./Nuclear Physics A 626 (1997) 760-798

Ey 5 (7, K); — U7, K)¢ Roco® Al
(keV)

430.0(1) 23(1) 27/27,5/2 — 23/27,1/2

4353(1) 217(10) 17/2-5/2 — 13/27,5/2 0.91(11)¢ 2
439.1(2) 1(2) h

441.6(1) 576(25) 21/2-,7/2 - 17/2=7/2 0.93(8)4 2
4452(1) 717(31) 23/2+7/2 — 19/2%,7/2 0.96(8)4 2
4487(1) 12(2) 37/2%,29/2 - 33/2%,29/2

453.8(1) 29(2) 31/2+7/2 — 29/2+7/2

455.0(1) 1000 25/2%7/2 - 21/2+,7/2 0.85(7)¢ 2
456.5(1) 57(4) 31/2-,5/2 - 27/2-.,5/2 0.88(11)¢ 2
456.7(1) 55(4) 33/2-,5/2 — 29/2~5/2 0.80(8)4 2
458.9(1) 126(6) 27/2+,19/2 — 23/2%,19/2

466.9(1) 212(9) 19/2=,1/2 — 15/2=,1/2 0.98(9)1 2
471.7(1) 507(22) 23/2-,7/2 — 19/2=,7/2 0.91(8)1 2
477.6(1) 231(11) 19/2-.,5/2 - 15/2-,5/2 0.89(6)14 2
478.4(1) 22(2) 21/27,5/2 - 19/2=,7/2

481.0(1) 70(4) 29/2-,5/2 — 25/27.,5/2 1.1(1)¢ 2
484.5(1) 73(4) 27/27,5/2 — 23/27,5/2 0.86(7)% 2
485.1(1) 70(4) 35/2—,5/2 — 31/2-,5/2 0.86(7)% 2
485.4(1) 320(14) 21/27,1/2 — 17/2-,1/2 0.89(8)9 2
490 6(2) 15/2-,5/2 - 11/2=7/2

491.5(1) 5(1) 27/2221/2 — 23/221/2

493.9(1) 22(2) h

496.8(1) 435(19) 25/27,7/2 — 21/27,112 0.95(8)9 2
500.8(1) 41(3) 37/2—.5/2 — 33/2-,5/2 0.80(12)4 2
502.8(1) 32(3) 21/2,21/2 — 19/2+,19/2 0.98(8)™ 1
502.8(1) 99(5) 29/2+,19/2 - 25/2+,19/2

507 <7 35/27,7/2 — 31/2-,5/2

512.8(1) 203(9) 21/2-,5/2 — 17/2-,5/2 0.97(11)¢ 2
514.4(1) 12(1) 39/2+29/2 — 35/2%,29/2

516.2(1) 17(2) 29/27,5/2 — 27127112

516.4(1) 109(5) 23/27,1/2 — 19/27.1/2 0.95(8)9 2
517.4(1) 15(2) 27/27,5/2 — 25/27,7/2

520.8(1) 20(2) 35/2%,7/2 — 33/2%7/2

525.9(1) 294(13) 27/2-7/2 — 23/2-,1/2 0.90(8)4 2
527.3(10) 4(2) 39/27.,5/2 — 35/27,1/2

529.4(1) 20(2) 23/27.,5/2 - 21/2=7/2

534.3(1) 84(4) i

538.1(1) 505(22) 27/2%.7/2 — 23/2%,7/2 0.93(8)9 2
538.1(1) 22(3) P — (21/27,7/2)

538.3(1) 51(3) 31/27%,19/2 — 27/2%,19/2

539.1(1) 47(3) 33/27,1/2 - 29/2-,1/2 1.2(1)4 2
540.1(1) 746(32) 29/2%,7/2 — 25/2%7/2 0.92(8)4 2
541.1(1) 169(8) 23/27,5/2 — 19/2=,5/2 0.99(9)4¢ 2
542 ~2 (37/2=,7/2 — 33/27,5/2)

544.1(1) 253(11) 25/27,1/2 - 21/27,1/2 1.0(8)4 2
546.6(1) 283(12) 29/2-7/2 - 25/27/2 0.94(8)¢ 2
549.1(1) 80(4) 39/27.,5/2 — 35/27.,5/2 0.97(14)¢ 2
551.5(1) 22(2) h

551.7(2) 7(4) 29/2,21/2 — 25/221/2

553.6(1) 22(1) 37/2-,1/2 — 33/27,1/2 1.2(1)9 2
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Table 1 —continued

Ey Iy? 7", K)i — ™, K)¢ RDCOb a1
(keV)

554.1(1) 143(7) 25/27,5/2 — 21/27,5/2 1.1(1)d 2
557 5(2) 17/2—,5/2 — 13/2—,7/2

561.1(2) 13(2) 25/27,5/2 — 23/271/2

569.2(3) 4(1) 41/2%29/2 — 37/2%,29/2

569.6(1) 40(2) 27/27,1/2 — 23/27,1/2 1.1(2)49 2
573.0(1) 51(3) 33/2%,19/2 — 29/2%,19/2

574.2(1) 136(6) 29/27,1/2 — 25/27,1/2 1.0(1)¢4 2
577.7(1) 181(8) 31/2=,7/2 — 27/2—,1/2 0.94(8)4 2
578.0(10) 2(2) (31/27,1/2) — 27/2—,1/2

580.3(1) 58(3) 41/2=,5/2 - 37/2-,5/2 1.4(2)4 2
581.4(3) 15(2) 35/2,31/2 — 31/2,31/2

586.8(1) 27(3) q — (19/27,7/2)

593.9(1) 171(8) 33/2-,7/2 - 29/27,7/2 0.88(8)9 2
594.1(1) 33(2) 35/2%,19/2 — 31/2%,19/2

598.1(2) 17(1) (41/27,1/2) — 37/2-,1/2

598.3(1) 7(4) 31/2,21/2 — 27122112

606.9(1) 52(3) 37/2,5/2 — 33/27,7/2

607.8(1) 42(3) 35/2—,5/2 — 31/2—,7/2

608.7(1) 33(2) (41/21,41/2) — 37/2+,29/2 2.0(2)™ 2
610.2(3) 8(1) 31/2,31/2 — 27/2,21/2 1.8(3)™ 2
613.6(1) 440(19) 33/2%,7/2 — 29/2%,7/2 0.95(8)¢ 2
616 w? (43/2%,29/2) — 39/2%,29/2

616.8(1) 359(16) 31/2%,7/2 —s 27/2%,7/2 0.98(9)9 2
618.5(1) 26(2) 37/2%,19/2 — 33/2%,19/2

621.2(1) 51(3) 43/27,5/2 — 39/27,5/2 0.86(8)4 2
629.7(1) 72(4) 35/2—,7/2 — 31/27,7/2 0.95(9)¢ 2
635.5(1) 4(2) 33/2,21/2 — 29/221/2

638.6(1) 23(2) 37/2,31/2 —— 33/2,31/2

640 ~3 (49/2741/2) — (45/2%41/2)

647.7(1) 69(3) 37/27,7/2 — 33/2—,7/2 0.80(12)4 2
651.0(1) 38(2) 45/2—.5/2 — 41/2-,5/2 1.1¢3)¢ 2
661.0(1) 50(3) 19/2%,19/2 — 21/2%,7/2

669.0(1) 24(2) (41/2=77/2) — 37/2-.7/2

671 19(3) (39/2,33/2) — (35/2,33/2)

671.6(1) 206(9) 37/2%.7/2 — 33/2%,7/2 0.92(8)4 2
674.6(1) 45(3) (39/27,7/2) — 35/27,7/2

678.3(1) 25(2) 39/2,31/2 — 35/2,31/2

680.1(10) 12(2) 33/27,5/2 — 31/2%,7/2

680.8(1) 150(7) 35/2%,7/2 — 31/2+t7/2 12(1)4 2
694.4(1) 23(2) (47/275/2) — 43/275/2

694.9(1) 16(1) (45/2—,7/2) — (41/27,7/2)

696 7(2) (39/27,7/2) — 35/27,5/2

700 8(1) 33/2—,5/2 — 29/27,7/2

701 3(1) 31/27,5/2 — 27/27,712

704 ~3 (51/2+,41/2) — (47/21,41/2)

708.4(2) 13(2) 41/2,31/2 — 37/2,31/2

710.3(1) 88(4) 41/2+,7/2 — 37/2%,7/2 0.92(23)4 2
718.8(1) 24(2) (43/27,7/2) — (39/2—,7/2)

720.6(1) 15(1) (49/2—,5/2) — 45/2—.,5/2

730 9(3) (43/2,33/2) — (39/2,33/2)
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Table 1 — continued

Ey I* (I",K); — (™, K)s Roco® Al
(keV)

730.9(1) 74(4) 39/2%,7/2 — 35/2+,7/2 1.1(1)4 2
732.7(3) 9(1) 43/2,31/2 — 39/2,31/2

733.4(1) 31(2) 45/2%7/2 — 41/2%7/2 0.87(16)¢ 2
733.5(10) 17¢2) 35/2-,5/2 — 33/2%,7/2

752.0(10) 5(1) (49/277/2) — (45/27,7/2)

753.2(4) 8(1) 45/2,31/2 — 41/2,31/2

757 ~1 (53/2%.41/2) — (49/2%,41/2)

760.0(10) 7(1) (47/2-7/2) -~ (43/2=.772)

762.8(2) 8(1) (51/27,5/2) - (47/27,5/2)

765.5(2) 11(1) (49/2%,7/2) — 45/2%7/2

766.6(1) 14(1) 29/2%29/2 — 27/2+,19/2

768.8(1) 23(2) (43/2%,7/2) — 39/2+,7/2

772.3(6) 4(1) 47/231/2 - 43/231/2

778.7(10) 1(2) i

786.8(4) 4(1) (53/27,5/2) — (49/2-,5/2)

791.6(6) 3() 49/2,31/2 — 45/231/2

797.1(4) 7(1) (47/2%7712) — (4372%,7/2)

802 ~1 (55/2%,41/2) — (51/2%,41/2)

812.1(1) 212(10) 19/2+,19/2 — 19/2+,7/2 1.o(1)4 0
821.3(11) 5(1) (51/2%,7/2) — (47/2%1/2)

825.3(4) 5(1) (53/2%,7/2) — (49/2%,7/2)

827.0(10) 2(1) (55/27,5/2) — (51/2-,5/2)

840.6(2) 26(2) 29/27,5/2 — 27/2+7/2

851.5(2) 3(1) (57/2~,5/2) — (53/27,5/2)

861.0(13) 3(1) (57/2%,7/2) — (53/2+,7/2)

861.6(1) 15(1) 31/2—.5/2 — 29/2+,7/2

897.3(10) 7(4) 25/27.,5/2 — 23724772

945.1(1) 23(2) 27/2-.5/2 — 25/2%7/2

1006.0(1) 33(2) i

1008.1(2) 12(1) 29/2%29/2 — 25/2%,19/2

1023.4(1) 122(6) 19/27%,19/2 — 17/2%,7/2 0.49(10)¢ 1
1151.2(1) 123(6) 19/2%,19/2 — 15/2%,7/2 1.1(2)¢ 2
1223.7(1) 103(5) 29/2%29/2 — 29/2%7/2 1.0(1)4 0
1386 16(1) 29/2+29/2 — 27/2%7/2

1764 ~1 29/2+29/2 — 25/2%7/2

? Normalized to the 455.0 keV vy ray.

b In the present study, both E2 and M1+E2 transitions are used as gates for the extraction of DCO ratios.
When E2 transitions are used as gates, the DCO ratios are referenced to d. On the other hand, when M1+E2
transitions are used as gates, the values are referenced to 1. More details are described in text.

¢ These transitions are not observed, but inferred.

¢ E2 transitions are used as gates to extract the DCO ratios. The values fall into unity for the E2 transitions
and around 0.6 for the M1+E2 mixed transitions.

¢ Only the total intensity ratio with respect to the unobserved 6 and 22 keV transitions are obtained. See text
for details.

' A transition feeding the 2032 keV level.

£ A transition connecting between the 2148 and the 2285 keV level.

" Transitions in the band built on the 2285 keV level.

i Transitions depopulating the 2148 keV level.
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Table 1 — continued

i Doublet transitions.

k A transition depopulating the 4893 keV level.
£ Intensities are too weak to be obtained.

m M1+E2 transitions are used as gates to extract the DCO ratios. The values fall into unity for the M1+E2

mixed transitions and around 1.7 for the E2 transitions.

" A transition connecting between the 4893 and the 5229 keV level.

o A transition depopulating the 2032 keV level.
P A transition depopulating the 1908 keV level.
9 A transition depopulating the 1729 keV level.

‘spueq oponredisenb-| oy SuImoys ‘M ,; JO SWAYDS [3AI] penred v [ 814

2/5=u

/L=

srass
oﬁ mm_owumu +W\w

/L

En
vmv NwNm||».NF

iz 65€ 1272

+Z/6l
v +2/\

+2/%2

¥ gicsz/sz
nnﬂ?\

o +/62

zzor (-2/65) iZ9 |
| oLy z/\w
vzey ) 6lL (_z/\p) s
%y I
8o z/c

1hey £ (_z/cb)

6i0s a 09z (-T/s¥)

105 H“ (2/1%)

(z/6v)

cray b _z/sv
06IS “‘ el (z/sv)

9955 €L—F AIN /6%)

[ P’hn

) .
s Awmmv (/%)

(z/9)

(-z/59)

Illlr

(vozs) (-z/18)

2/
/88

+2/58

J2/Le
L

+2/68

SL6S

<Z/1r
69L

(4z/e¥)

¥IiS¥

80L¥

WS

/S
L6L

Gz/ty)

CLYS

2029 4

6629

(9

(e/8%)

g 28
L +2/18)

(+2/55)

)]

o —— —

(o)

(:2/L8)

b AB/4R.....

— Z/

o 54266 7
mw Ticoioz 2
_Z/L
20ccizone /6

it A

nmn 1SS 60%
16 &Hq_”ﬁ lw“m—
6zo =Z/4
himo¢m&¢
sen _ -N“m_
G5t z/\z
9S
k441
TYGEL -N“nm
650C -z/st
[s72]
¥LS
»25Z Z/te
[34:4 -z/6T
88 6¢S
zoie (2/15)
e -z/ss
+SS
9zE b _z/.18
865
yTey z/\¥)

bandhead. Further, as shown in Fig. 5, a 101 keV line is observed in

for the K™ = %

band transition

from the 101 keV level into the ground state, supporting the present placement of the

coincidence with the 85 keV y ray and can be considered as an inter-

101 keV. The observation of the 79 and 95 keV transitions

bandhead at Ex

2
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22 and 101 keV branches are estimated to be 43(6):100:14(2),

[16]. Although the 34 ke
, the previous assignment is take

3

ervation of a 34 keV transition [ 14], this transition was assigned as
)

3
2

1

=1
2 k4

members which could not be detected by the present experimenta
Following the obs

in Fig. 5 also implies unobserved 6 and 22 keV transitions to t

assuming stretched E2 for the 95 and 101 keV transitions and pure
inter-band transitions between the K™ = 3 and 7~ band members.

intensity ratios of the 6,
transition.

I, K
coincidence data



T. Shizuma et al./Nuclear Physics A 626 (1997) 760-798 771

160 - DOUBLE-GATE {467,516} §457,549 keV |
3

[ 5 . ]
120( 3 . 9 4
o T ~
£ sot |
8 - B © .

_ ﬂ'B D &
40+ = 8 o N © 4
i 211 Blle 18 3 3

0 & L LY

300 500 700 900 1100 1300

ENERGY (keV)

Fig. 3. A level scheme of low-lying states below Ex = 500 keV, showing relative excitation energies of the
1-quasiparticle Nilsson states in '77W. The unobserved 34 keV transition from the K7 = I bandhead is
taken from Ref. [16]. The 79 and 95 keV vy rays are observed in coincidence with the transitions above the
Ex =101 keV state (see cf. Fig. 5), implying unobserved 6 and 22 keV transitions.
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Fig. 4. A coincidence spectrum double-gated on the {467,516} and {457,549} keV y-ray combination,
showing the transitions in the K7 = %— and %_ bands as well as the 430 keV inter-band transition which
21~ 5

connects the /™, K=27,3 and 27, 1 states.
7 02 2 2

From the conversion electron measurement an 85 keV y ray was observed as E1 [14]
and was assigned as a transition [™, K = %+, % — %_, % [16]. The present results of the
coincidence relation, the DCO ratio and the total conversion coefficient deduced from an
intensity balance at the Ex = 101 keV level are consistent with the previous assignment.
The I” K = 12—1+,% placed 97 keV above the K" = %+ bandhead in Ref. [15] cannot
be confirmed by the spectra measured in the present work (cf. see Fig. 5). In contrast,

energies of inter-band transitions (680, 734, 841, 862, 897, 945 keV, see Fig. 1) between
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15/2* 494 1/2-
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7/2-
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5/2-
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/2"
Km=1/2"

Fig. 5. A LEPS spectrum gated on the 85 keV y ray, showing low energy transitions near the ground state.
The 97 keV transition (marked by an asterisk) previously assigned as /™ = -'51-+ - %+ in the K™ = %+ band
[15] cannot be seen in the spectrum.

members of the K7 = %_ and %+ bands are consistent with a placement of the /7 = 1L™*

2
level at Ex =274 keV, corresponding to an /™ = %+ — %+ transition energy of 88 keV.
This is supported by an 88 keV transition in coincidence with the 85 keV vy ray as seen

in Fig. 5.

3.2. Half-lives of the I-quasiparticle states

In order to extract a half-life of the K™ = %_ bandhead, a time difference spectrum
between the transitions above and below this level is examined. From least square fits
of the data points shown in Fig. 6a, a half-life of 38(8) ns is obtained for the K™ = g—
isomer. The quoted uncertainty contains main contributions from the systematic errors
of the system.

It is expected that the K™ = %‘ bandhead has a measurable half-life ranging in the
order of nanoseconds due to the low energy transition (34 keV). A time difference
spectrum between the transitions above the 135 keV, I” = %_ state and the 95 keV
transition is shown in Fig. 6a. The slope should be affected by the half-lives of both

the K™ = 3~ and 1~ bandheads. However, only one component with a 38 ns slope
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Fig. 6. A yy time difference spectrum between the 85, 390, 435, 478 keV transitions and the 95 keV transition
is plotted with filled circles in top panel (a). Note that back ground components originating from the Pb Kg;
(84.9 keV) and Kz (84.5 keV) X rays have been subtracted using a spectrum between the 95 keV transition
and the Pb Ky X ray (75.0 keV). In the same panel, a corresponding spectrum between the 256, 300, 377,
411, 442, 472 keV transitions and the 95 keV transition is also displayed with open circles. In middle panel
(b), time difference plots between the 220, 362, 455 keV transitions and the 85 keV transition are shown
with filled circles. The back ground components from the Pb X rays have been subtracted in a similar way
described above in this caption. A yy time difference spectrum between the 274 keV transition and the 228,
288, 321 keV transitions is drawn with filled circles in bottom panel (c). The prompt-prompt time difference
spectrum between the 352 keV transition and the 237 keV transition in 178y is also shown with open circles
in panel (c). Since time jitters in the detection system smear out the sides of the decay curve, we used rather
narrow time ranges in the fitting procedure. Those are indicated by arrows in the figures.
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is extracted from least square fits of the decay curve. As this 38 ns half-life can be
attributed to the K” = 3 isomer, the half-life of the 135 keV, I™ = 77 state is deduced
to be less than 38 ns.

Fig. 6b shows a decay curve for the 185 keV, I™ = %+ level obtained using the
transitions above and below the 185 keV state. From the slope of the decay curve, a
half-life of the K™ = 1" isomer is obtained to be 13(3) ns.

3.3. The K™ = 179+ band based on the 1645 keV level

In the previous work [16], the 1645 keV level was reported to decay into mem-
bers of the K7 = %+ band with 812, 1023 and 1151 keV transitions. This level

was assigned as I™ = 12—7+ based on agreement of the experimental branching ratio of
1,(1151)/1,(812) = 2.4(2) with the calculated rate of 2.8 from the Weisskopf estimates
assuming that both the 812 and 1151 keV transitions are M1 [ 16]. However, the present
experimental results are inconsistent with the previous assignment as follows. First of
all, the branching ratio obtained in the present study, 1,(1151)/1,(812) = 0.58(4), is
about five times smaller than the predicted value, contradicting the previous assignment
of Al =1 for both the transitions. Furthermore, the DCO ratios of the 812, 1023 and
1151 keV ¥ rays are 1.0(1), 0.49(10) and 1.1(2), respectively, with gates on the
220 or 339 keV E2 transition in the K™ = %+ band. The results are consistent with
Al =0, 1 and 2 assignments for the 812, 1023 and 1151 keV transitions, respectively.
It should be noted here that for A7 = ( transitions with 6 ~ 0, DCO ratios with E2 gates
are expected to be around unity. Since magnetic quadrupole transitions are normally
quite slow and can be hardly observed together with dipole transitions, we take a posi-
tive parity assignment and thus /7 = 129+ for the 1645 keV level. A 661 keV transition

. . . + . + .
decaying out of this level into the 7 = 22—1 state in the K™ = % band is also observed.

The levels up to 17 = 37 except the 17 = 317 level were observed in the '$4D
p ) P 2 Y

('805n) reaction [16] and are now extended to I™ = 377+. The DCO ratio of the

405 keV E2 transition (/™ = 7 — Z7) with a gate on the 144 keV MI1+M2
transition ([™ = %+ — 12—9+) is 3.7(4), which is consistent with a mixing ratio of

—1.1 < & < —0.79 for the 144 keV transition,

3.4. The K = 221 band based on the 2148 keV level

A new sequence of 182, 228, 264, 288, 310 and 325 keV cascade transitions and
the corresponding crossover transitions have been observed above the 1645 keV level.
In addition, a 503 keV 7y ray is found in coincidence with these y rays as well as
the transitions below the 1645 keV, I™ = %Jr state. From the relative y-ray intensities,
the 503 keV transition is placed as an inter-band transition connecting a new level
at 2148 keV with the 1645 keV level. This placement is further supported by the
observation of a 359 vy ray decaying into the I”,K = %+, 12 level. The DCO ratios for
the 359 and 503 keV transitions are extracted as 1.7(2) and 0.98(8), respectively, with
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Fig. 7. A summed spectrum gated on the 445 and 455 keV v rays, showing the transitions in the K7 = %

and —222+ bands as well as the inter-band transitions (1224, 1386, 1764 keV) between these bands. Note that
the range from 800 to 1200 keV is omitted and the scales for the left and right ordinates are different. An
inset spectrum is obtained by gating on the 455 keV y ray.

+

gates on the 182, 228 and 288 keV vy rays. A reasonable assumption that the 182, 228
and 288 keV transitions are M1 leads to assign Al = 0 for the 359 keV transition and
Al =1 for the 503 keV transition, yielding an I = a551gnment for the 2148 keV level.
In addition, the DCO ratios between the 503 keV transmon and the 812, 1023 or 1151
keV transitions support the 4/ = 1 assignment for the 503 keV transition. The present
data cannot remove the ambiguity of the parity for this band.

35. The K™ = 2—29+ band based on the 3203 keV level

A 1224 keV y ray was previously observed to feed the I, K = 279+, % level from a
3203 keV state [16]. The present comudence data confirm this transition and reveal a
new 1386 keV transmon tothe I", K = 277 R 5 state and a weak transition (1764 keV)

tothe I7, K = 7 , 5 state, which can be seen in Fig. 7. The 3203 keV level also decays

to the K™ = + band members via 767 and 1008 keV transitions.

The DCO ratlo of the 1224 keV transition is measured to be 1.0(1) using a summed
spectrum of gates on the 362, 455 and 540 keV E2 transitions in the K7 = %+ band,
which indicates that the 1224 keV transition has a Al = 0 or 2 character and hence
the spin value of the 3203 keV level is & or 3 A Due to the observation of 767

and 1008 keV transitions, an I™ = —22—9+ assignment for the 3203 keV level is preferred
according to the following arguments. Firstly, if the 3203 keV level has I = %, the 767
and 1008 keV transitions are Al =3 and 4. Since transitions with such large 4/ values
can never compete with E1, M1 and/or E2 [ransitions (unobserved 229 keV Al =1 and

506 keV Al =2 transitions in this case), the [ = assngnment can be rejected and thus
only an I = 2" or 27 assignment is possible. Secondly, if the 3203 keV level has a
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negative parity, the 1008 keV transition must be of M2 character. Considering that M2
transition probabilities are quite small and can hardly compete with El transitions in

most cases (the 767 keV transition in the present case), the I™ = 22—9— assignment can

be rejected. Consequently, the /7 = %ﬁ assignment is favoured for the 3203 keV level.

The observed transitions to the K7 = %+ band members (1224, 1386, 1764 keV)

change the K values by 11 £, while the K difference for the transitions to the K™ = %ﬁ
band (767 and 1008 keV) is only 5k. According to classical systematics of the K-
isomer decays, one expects that the branches to the K™ = %+ band should be ~10°

. +
times weaker than those to the K7 = '79 band. In contrast, the measured branching

. + . .
ratio to the K7 = % band is about five times larger than that to the K™ = 12—9+ band. The

behaviour of decays from the 3203 keV, /7 = —222+ state violates the classical systematics,
“the K-selection rule”, which will be discussed in Sections 4.4 and 4.5.

Levels in this band are observed up to [7 = %Jr, possibly ( %“L). The DCO ratio for
the 377 keV E2 transition (/™ = %+ — 321+) with a gate on the 144 keV transition
(I™ = 32—1+ — %Jr) is extracted as Rpco = 0.90(12) which suggests the mixing ratio of
the 144 keV transition to be 0.40 <d < 1.00or 1.0 < 6 < 2.7.

3.6. The K = 3! band based on the 3431 keV level

In a delayed coincidence spectrum gated on a prompt 274 keV line (Fig. 8), new
peaks at 322 and 610 keV as well as the members of the K = 22—1 band can be clearly
seen. Further analysis of coincidence spectra reveals that the 322 and 610 keV transitions
depopulate a new level at Ex = 3431 keV. The DCO ratios are extracted as Rpco = 1.1(1)
for the 322 keV transition and Rpco = 1.8(3) for the 610 keV transition using gates on
the 228 and/or 288 keV Al =1 transitions. The results are consistent with assignments
of Al =1 for the 322 keV transition and 4/ =2 for the 610 keV transition. Since M2
transitions are normally quite slow, we assign the 610 keV transition as E2. Consequently,
the 3431 keV level is determined as / = 32—1 and has the same parity as the K = 221 band.
Transitions above the 3431 keV level can be seen in Fig. 9 which is obtained by gating
on the delayed 228, 288 and 322 keV v rays. Based on the coincidence relation, a new
band is build on the 3431 keV level as shown in Fig. 2.

A time difference spectrum between the 274 keV transition and the 228, 288, 322 keV
transitions is illustrated in Fig. 6c. From least square fits of the decay curve, the half-
life of the K = 371 bandhead is determined to be 9(2) ns. Following the decay of the
K= 371 isomer, the transitions in the 1-quasiparticle bands as well as those mentioned
in Section 3.4 are observed (see Fig. 8). However, due to the fragmentation into many
weak branches, the complete decay scheme of this isomer could not be established.

3.7. The K = (323) band on the 3638 keV level

A 208 keV v ray is observed in coincidence with the delayed 228, 288 and 322 keV
transitions (see Fig. 9). From the coincidence relation, this transition is placed directly
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Fig. 8. A delayed coincidence spectrum gated on the prompt 274 keV vy ray, showing transitions below the

K = ?2—‘ isomer. Transitions in the K7 = %_, %_, %Jr and %" bands are marked by open circles, filled

circles, open squares and filled squares, respectively. Transition energies of doublet or more multiplet lines
are prefixed by D.

feeding the 3431 keV level. The internal conversion coefficient for the 208 keV transition
is deduced as a1 = 0.35(40) from the y-ray intensity balance at the 3638 keV level.
Calculated coefficients [17] are ar = 0.06(E1), 0.28(E2) and 0.62(M1). Therefore,
mixed M1+M2 multipolarity is assigned for the 208 keV transition and hence an
assignment of [ = 1;— with the same parity as the K = 37‘ isomer is given for the
3638 keV level. On the 3638 keV level, a new cascade consisting of 292, 325, 346,

361, 370, 376 and (384) keV transitions is constructed.
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Fig. 9. A prompt-delayed coincidence spectrum gated on the delayed 228, 288 and 322 keV transitions,

showing transitions above the K = 12—1 isomer.

3.8. The K™ = (4L") band based on the 4575 keV level

Two new lines at 336 and 609 keV are found in coincidence with the 1224 keV y
ray as well as the members of the K™ = %9-+ band as shown in Fig. 10. These two
transitions depopulate a new level at Ex = 4575 keV. The DCO ratio of 2.0(2) for the
609 keV transition obtained from gates on the 144 and 171 keV M1+M2 transitions
suggests a Al = 2 assignment. Following the same argument (E2 or M2) on decay rates
of the 609 keV transition as discussed in Section 3.5, a spin and parity assignment of
1" = (321+) is taken for the 4575 keV state. Levels built on this state are connected by
Al =1 cascade transitions which can be seen in Fig. 10. These transitions form a new
band as shown in Fig. 2.
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Fig. 10. A coincidence spectrum double-gated on the {336,1224} and {226,263} keV y-ray combination,
showing the transition in the K7 = %+, %+ and %+ bands as well as the inter-band transitions (336,
609 keV) between the K7 = %Jr and %Jr bands.

3.9. The band built on the 2285 keV level

In the present results, several inter-band transitions are observed to feed members
of the K7 = %“ band from 1729, 1908 and 2148 keV levels. In addition, a 137 keV
transition is found to connect a new level at E, = 2285 keV with the 2148 keV state. The
internal conversion coefficient of the 137 keV transition is estimated to be ar = 1.8(3)
from the y-ray intensity balance at the 2285 keV level. Theoretical values [17] are
ar = 0.17(El), 1.2(E2) and 2.0(M1). Consequently, the 137 keV transition is of

mixed M1+M2 character. Since an I = 2—21 or % assignment for the 2148 keV level

would be possible, a spin value of the 2285 keV level is deduced as I = 271, % or 22—5
On top of the 2285 keV level, a new band forms up to an Ex = 3592 keV level as shown
in Fig. 2. Although this band would have a high-X band structure, the ambiguities on

spins and parities for the band make further discussions difficult.
3.10. Other levels

A new line at 248 keV is clearly seen in Fig. 9 which shows transitions above the
K= 521 isomer. From the coincidence relation this transition is placed as drawn in Fig. 2.
A spin assignment of %, % or 47] hi is possible for the 4591 keV level, but due to the
high intensity of the 248 keV transition we have a preference for the two highest values.
Two 7 rays are observed above the 4591 keV level and are tentatively placed in Fig. 2.



780 T. Shizuma et al./Nuclear Physics A 626 (1997) 760-798

4. Discussion
4.1. g-factors

Intensity ratios of M1+M2 cascade to E2 crossover transitions within a band can
be used in the asymptotic limit to deduce gx-factors [18]. Comparison between ex-
perimental and calculated gx-factors enables a discussion of the band properties. In
the rotational model [19], the mixing ratio & and the gg-factor are deduced using the
Clebsch—-Gordon coefficients as

52 _AE§/(1—>1—1)(1K2011—1K)2 i
1482 ES(I -1-2)(IK20|1-2K)*’ ()
and
— gr)? E20—I1-1){IK?2 - 2
(gx 2gR) — 0.289 ¥ ) ( 0|I-1K) , 2
Q5 82K? (IK10|I-1K)?
with the transition energies in MeV, where A is the branching ratio
T,(I — 1 —2)
,(I—-I1-1)"

&r the gyromagnetic ratio for collective rotation and Qg the intrinsic quadrupole moment.
The experimental values of gx for the bands in '7"W are listed in Table 2. We used
gr = 0.30(5) and Qg = 6.8 eb, consistent with systematics in the region. The value
of K is fixed at the spin of the bandhead. When the sign of the mixing ratio & is not
determined experimentally, the possible two values of gx are listed.

The calculated (effective) gg-factors for quasiparticle states are obtained from the
expression used in Ref. [20,21]:

_ 2 (ex —gr)Ki > (gx — &R)ii
- K I7 - K2

where gk, is the gyromagnetic factor, K; the angular momentum projection on the
deformation axis, i; the aligned angular momentum of each quasiparticle and K =" K.
The first term just represents the usual expression of gx in the strong coupling limit.
The second term is due to the Coriolis mixing which is important for the i1 neutrons
and hy protons in the present case. The gk,-factors for each quasiparticle are calculated
as

8k — 8R ’ (3)

1
8K; = E(<l3>gl + (53)85) (4)

free

assuming 70% of the free nucleon g¢-factors [22] (gs; = 5.59 for protons and —3.83
for neutrons). Here, /3 (s3) is the orbital angular momentum (intrinsic spin) projection
on the nuclear symmetry axis, and g is 1 for protons and 0 for neutrons. The expectation
values of s3 for each Nilsson orbital have been estimated with the deformation parameters
of e2 = 0.24 and €4 = 0.03, values of the theoretical ground state deformation for
176W [23]. The (s3) and gk, values are summarized in Table 3.
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Table 2
The gx values extracted from the branching ratios for the bands observed in 77W
K™ I — I E, A Q_u gk’
(keV)

572~ 9/2 — 5/2 231.5 0.55(10) 0.085(8) —-0.28(11)
9/2 — 7/2 130.7

5/2~ 11/2 — 7/2 288.0 2.002) 0.069(3) —0.17(7)
11/2 — 9/2 157.8

5/2- 13/2 — 9/2 3406 2.5(2) 0.083(4) ~0.27(7)
13/2 — 11/2 183.0

5/2— 15/2 — 11/2 3904 5.7(5) 0.065(3) —0.14(7)
15/2 — 13/2 2073

5/2° 1772 — 13/2 4353 27(4) 0.028(3) 0.11(7)
17/2 — 15/2 2283

5/2~ 19/2 — 15/2 477.6 29(4) 0.032(3) 0.08(7)
19/2 — 17/2 249.7

5/2- 21/2 — 17/2 512.8 23(3) 0.046(3) —0.01(7)
2172 — 19/2 262.7

7/2~ 11/2 — 7/2 256.3 1.9(1) 0.028(2) 0.11(6)
11/2 — 9/2 139.6

7/2— 13/2 — 9/2 299.5 3.3(2) 0.035(2) 0.07(6)
13/2 — 11/2 160.2

7/2- 15/2 — 11/2 340.0 4.1(3) 0.042(2) 0.02(6)
15/2 — 13/2 180.0

7/2~ 17/2 —r 13/2 376.8 5.1(3) 0.045(2) —0.01(6)
17/2 — 15/2 197.0

7/2- 19/2 — 15/2 411.3 6.3(4) 0.046(2) —0.02(6)
19/2 — 17/2 214.5

7/2- 21/2 — 17/2 441.6 7.2(5) 0.050(2) —0.04(6)
2172 — 19/2 227.1

7/2- 23/2 — 19/2 4717 7.5(5) 0.053(2) —0.06(6)
23/2 — 21/2 244.6

7/2~ 25/2 — 21/2 496.8 9.7(6) 0.051(2) —0.05(6)
25/2 — 23/2 2524

7/2- 27/2 — 23/2 5259 7.4(5) 0.062(2) —0.12(7)
27/2 — 25/2 2739

7/2- 29/2 — 25/2 546.6 9.1(7) 0.062(2) —0.12(7)
29/2 — 27/2 273.1

7/2- 31/2 — 27/2 5771.7 7.2(7) 0.069(3) —0.17(7)
3172 — 29/2 304.0

7/2- 33/2 — 29/2 5939 10(1) 0.069(5) —0.17(8)
33/2 — 31/2 288.5

7/2~ 35/2 — 31/2 629.7 5.5(9) 0.084(7) —0.27(10)
35/2 — 33/2 3404

7/2- 37/2 — 33/2 647.7 12(2) 0.073(7) —0.20(10)
37/2 — 35/2 307.3

712" 39/2 — 35/2 674.6 9.0(19) 0.070(8) —0.18(10)
39/2 — 37/2 3673

7/2% 11/2 — 712 88.0 0.65(6) 0.009(1) 0.24(6)
11/2 — 9/2 63.2

7/2% 13/2 — 9/2 149.5 0.71(5) 0.037(1) 0.05(6)
13/2 ~— /2 86.9




782

Table 2 — continued
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KT li — If E‘r A |L'KQ—08R 8K a
(keV)

7/2% 15/2 — 11/2 2204 1.3(1) 0.040(1) 0.03(6)
15/2 - 13/2 1343

7/2% 17/2 — 13/2 261.8 3.002) 0.048(2) —0.03(6)
17/2 — 15/2 1279

7/2% 19/2 — 15/2 3389 3.3(2) 0.040(2) 0.03(6)
19/2 — 1772 2112

7/2% 21/2 — 1772 362.1 9.9(6) 0.050(2) —0.04(6)
21/2 - 19/2 151.1

772+ 232 - 19/2 4452 5.8(4) 0.035(2) 0.06(6)
23/2 — 2172 2943

7/2% 25/2 — 2172 455.0 24(2) 0.053(2) —0.06(6)
25/2 — 23/2 160.7

7/2% 2772 — 23/2 538.1 7.7(6) 0.032(2) 0.08(6)
2772 — 25/2 3776

7/2% 29/2 — 25/2 540.1 44(3) 0.061(2) —0.12(7)
2972 — 27/2 162.7

7/2% 31/2 — 27/2 616.8 12(1) 0.022(2) 0.15(7)
31/2 — 29/2 453.8

7/2% 33/2 — 29/2 613.6 147(49) 0.048(8) —0.03(11)
33/2 — 31/2 159.4

7/2% 35/2 — 31/2 680.8 7.5(8) 0.039(3) 0.04(7)
35/2 — 33/2 520.8

19/2% 23/2 — 19/2 331.8 0.50(3) 0.017(1) 0.19(6)
23/2 — 21/2 187.5

19/2+ 25/2 — 2172 404.9 L.5(1) 0.016(1) 0.19(6)
2572 — 2372 2175

19/2% 2772 o 23/2 458.9 2.7(2) 0.015(1) 0.20(6)
27/2 — 25/2 2414

19/2% 29/2 — 25/2 502.8 3.0(2) 0.020(1) 0.16(6)
29/2 — 27/2 261.7

19/2% 31/2 - 27/2 538.3 ~34 ~0.024 ~0.14
31/2 — 29/2 276.0

19/2% 33/2 — 29/2 573.0 4.6(5) 0.022(2) 0.15(6)
33/2 — 31/2 296.0

21/2 25/2 — 21/2 409.5 0.23(2)® 0.032(2) 0.52(6)
25/2 — 23/2 2279 0.08(6)

21/2 2772 — 23/2 4915 0.12(1)° 0.082(4) 0.86(8)
27/2 — 25/2 263.6 —0.26(8)

21/2 29/2 — 25/2 551.7 0.16(2)" 0.097(6) 0.96(9)
29/2 — 27/2 288.0 —0.36(9)

29/2F 33/2 — 29/2 3140 0.17(2)¢ 0.019(1) 0.43(6)
33/2 — 3172 170.8

29/2% 35/2 — 31/2 377.3 0.17(2)° 0.032(2) 0.52(6)
35/2 — 33/2 207.5

29/2+ 37/2 — 33/2 448.7 0.61(6)¢ 0.023(1) 0.45(6)
37/2 — 35/2 241.6

29/2% 39/2 — 35/2 5144 0.72(8)¢ 0.028(2) 0.49(6)
39/2 — 37/2 2728
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Table 2 — continued
K™ 2 — I E, A lexnl gx?
(keV)
29/2+ 41/2 — 37/2 569.2 0.41(6)° 0.048(4) 0.63(8)
41/2 — 39/2 296.5
31/2 35/2 — 31/2 5814 0.22(2)° 0.028(2) 0.49(6)
35/2 — 33/2 307.8 0.11(6)
31/2 37/2 — 33/2 638.6 0.67(6)° 0.023(2) 0.46(6)
37/2 — 35/2 3305 0.14(6)
31/2 39/2 — 3572 678.3 1.2¢1)" 0.021(2) 0.45(6)
39/2 — 37/2 3478 0.15(6)
31/2 41/2 — 37/2 708.4 1.5(2)" 0.023(2) 0.46(6)
41/2 — 39/2 3612 0.14(6)
31/2 43/2 — 39/2 7327 42(9)"b 0.011(4) 0.37(8)
43/2 — 41/2 3706 0.23(8)
33/2 39/2 — 35/2 671 0.48(11) 0.029(4) 0.49(8)
39/2 — 37/2 3462 0.11(8)
33/2 43/2 — 39/2 730 0.56(23) 0.042(10) 0.59(12)
43/2 — 41/2 369.5 0.01(12)
41/2+ 49/2 — 45/2 640 ~0.33 ~0.029 ~0.50
49/2 — 47/2 338.0 ~0.10
41/2+ 51/2 — 47/2 704 ~0.50 ~0.030 ~0.50
51/2 — 49/2 365.9 ~0.10
41/2+% 53/2 — 49/2 757 ~0.25 ~0.053 ~0.66
53/2 — 51/2 3913 ~—0.06
41/2+ 55/2 — 51/2 802 ~0.50 ~0.042 ~0.58
55/2 — 53/2 4114 ~0.02

4 op = 0.30(5) and Qp = 6.8 eb are assumed. When the sign of (gx — gr) is not determined, two possible

values are shown.

b Branching ratios are extracted from the prompt-delayed coincidence matrix.
¢ Intensities are obtained using the coincidence spectrum gated on the 1224 keV y ray.

Table 3

Predictions of (s3) and gk, values for the 1-quasiparticle states. The expectation values (s3) have been obtained
within the framework of the Nilsson model using the deformation parameters of e; = 0.24 and €4 = 0.03. The
values of gk, are calculated by Eq. (4) assuming 70% of the free nucleon g;-factors [22]

cal

Neutrons {s3) g Protons {s3) P
1715211 —0.12 0.64 1715411 —0.04 0.77
27(512] 030 —-032 $71402) 049 1.57
171514] —0.34 0.26 17 [404] —045 0.63
1716331 033 -025 271514] 045 129
2% [624] 0.40 —0.24

2
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Fig. 11. Alignment plots for the bands observed in 77W. Harris parameters Jy = 35.0 A> MeV~! and

J1 =70.0 i* MeV 3 are used. The a = +% —%) sequences are shown by open (filled) symbols.

4.2. Properties of the 1-quasiparticle bands

In the following subsections, in-band properties of the 1-quasiparticle states, such as
the g-factors, rotation alignments, band crossing frequencies are discussed. The measured
g-factors of the K™ =37, 1" and %+ bands are obtained as described in the preceding
section, and are summarized in Table 2. The small values (~0.4) of the DCO ratios
for the Al =1 transitions in the K™ = 3, 7 and 1" bands correspond to negative
mixing ratios (see Table 1), which are used to determine the sign of the (gx — gr)
values. Alignments are defined as the angular momentum component along the rotation

axis relative to that for the reference configuration (g-bands in even-even nuclei are
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Fig. 12. Plots of the gx values for the K™ = %_ (open circles) and K7 = %_ (filled circles) bands.

normally used) [24]. In Figs. 11a and 11b, alignment plots for the K™ = %_, %~
77 and 2" bands are shown. Harris parameters used are Jo = 35.0 2> MeV~' and
J, =70.0 i* MeV 3.

s

4.2.1. The K™ =%~ band
1

The K™ = %_ band has been assigned as a 5_[521] configuration based on the
systematics of the Nilsson level ordering in neighbouring nuclei [16]. The assign-
ment is confirmed by a large signature splitting of the level energies (see Fig. 1),
attributed to the decoupling term which is necessary to reproduce energy spectra of
K = % bands [19]. Alignments for this band are plotted as a function of the rotational
frequencies in Fig. 11a. Both signatures upbend at fiw. = 0.28 MeV as a result of a
crossing between the G and H configurations (notation used in Ref. [24]) and the
highly aligned 3-quasiparticle configurations GAB and HAB, respectively. The crossing
frequencies are shifted about 20 keV down relative to that for the g- and s-bands in
176% {5] and about 30 keV down in "W [16]. The decrease might be explained by
a reduction of pairing gap caused by a blocking of the pairing contributions from the

valence configuration in odd-N "W [25].

4.2.2. The K™ =3~ band
- 3

The K™ = % band was assigned as a 5_[512] configuration [16]. The measured
g-factors are shown in Fig. 12. The data agree with the strong coupling limit, gg = —0.32
(see Table 3), and support the previous configuration assignment. However, an obvious

disagreement appears beyond I = 1—25-, indicating configuration mixing (see below). The

alignment of the two signatures of the K™ = %_ band is shown in Fig. 11b. Pronounced

backbends are observed at fiw, = 0.25 MeV and the alignment gain of ~8 & is consistent
with the values expected for the »i3, alignment in "W and '"®W [5,16]. The smaller
2
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crossing frequency than for the K7 = %_ band might be due to a smaller quadrupole
deformation or a larger y deformation.

4.2.3. The K™ = %~ band

The measured g-factors of the K™ = % band are plotted in Fig. 12. The values

decrease with increasing spins up to [ % Previously, a Nilsson configuration of

17[514] was suggested for this band [16]. The measured gx values are significantly

different from the expected value of gg = 0.26 for the %— [514] orbital (see Table 3),
indicating mixings with other configurations. Substantial admixture of the K™ = —%‘
component can be deduced from the observed inter-band transitions. This mixing results

in a decrease of the gx value for the K™ = %_ band, and conversely leads to an increase

in the gg value of the K7 = %- band, explaining the differences between the measured
and expected gx values at the [75 <I< 271 region for both the K™ = 3 and %_ bands.

A similar case has been found in the K7 = 2~ band of "Os by Dracoulis et al. [26].

The alignment of the two signatures increases gradually with increasing the rota-
tional frequency as shown in Fig. 11b. This is in contrast to the other negative parity
1-quasiparticle bands. The cause of the gradual alignment could be a change of the
quadrupole deformation as for the K™ = 1 band in '"Os [27] or interaction with
a more strongly deformed band [28,29]. At hw, ~ 0.33 MeV the a = +% signature
upbends, while the o = —% partner shows a smooth increase up to the highest frequency

observed. This indicates a larger quadrupole deformation than those of the K7 = %_ and

%_ bands, consistent with the above interpretation of the alignment effects.

4.2.4. The K™ = " band

The K7 = %+ band has been assigned as an i B quasineutron configuration, i.e.
%+ [633]. A large signature splitting seen in Fig. 1 is a feature of the i? quasineutron

bands. The alignment of the K™ = %+ band is drawn in Fig. 11a. The a = +% sequence
shows an upbend at Aiw. = 0.35 MeV which is interpreted as a BC band crossing, while
the a = ~% sequence upbends at fuw, ~ 0.40 MeV, indicating an AD crossing. This
behaviour of the alignments is consistent with the arguments of the blocking effects of
the iy orbitals [24].

4.3. Configuration assignmenis for the multi-quasiparticle bands

Both g-factors and alignments reflect the character of quasiparticles and are powerful
indicators for the configuration assignments of multi-quasiparticle states [30]. Using
Egs. (1) and (2), the measured g-factors have been obtained (Table 2). The sign of the
(gx — gr) value corresponds to the sign of the mixing ratio  deduced from the DCO
ratios because of the positive Qo value. The predicted gx values are given in Eq. (3)
with a constant K value corresponding to the bandhead spin. We used the fixed gg value



T. Shizuma et al. /Nuclear Physics A 626 (1997) 760-798 787

Table 4
Excitation energies of the I-quasiparticle bands observed in 77W, 173Ta and 77 Ta. Data for '7”W are taken
from the present study, while those for 17> Ta and 7 Ta are taken from Ref. [46]

Neutrons W Protons 17574 177Ta

E; (keV) Ex (keV) Er (keV)
1715213 0 177541 186 51
$71512) 101 3% 402) 71 36
I7(514] 135 17 1404] 0 0
171633) 185 97 [514] 74 131
71624 500

2 Estimated from systematics of W isotopes and of N = 103 isotones.

of 0.3 and the alignments of { = 2.5 A for V2 [633] (Fig. 11a), i=2.0 A for V2 [624]
("W [30]), i=2.5 hfor w5 [541] ('">Ta (31], '""Ta [32]).

Alignments of the multi-quasiparticle bands are expected to be additive quantities of
the constituent quasiparticles, and can be used to confirm the band configurations. In the
present case for example, the bands involving the Coriolis aligning orbitals, V%+ [633]
and W%' [514], would have a large aligned angular momentum. In Figs. 11b and 1lc,
alignment plots for the high-K bands are shown with the same Harris parameters used
for the 1-quasiparticle bands.

Excitation energies of multi-quasiparticle states can be estimated by summing the
excitation energies of constituent 1-quasiparticle states and the associated energies to
break quasiparticle pairs. Therefore, configurations of high-K states are also supported
by comparison of the calculated and experimental excitation energies. The observed
excitation energies of the 1-quasiparticle states in '””W, 7>Ta and '""Ta are summarized
in Table 4. Mean values of the excitation energies of the 1-quasiproton states in !7Ta
and '""Ta are used in the calculations. The proton and neutron pairing gap energies are
estimated by the odd-even mass differences as 4, = 1091 and 4, = 747 keV, and are
reduced by 20% for each broken pair. The reduction is introduced in order to account
for the weaker pairfield in excited configurations.

4.3.1. 3-quasiparticle configurations
The 1645 keV level has been assigned as 7 = —29 The following configurations can

forma /™ = % state at low excitation energy:

v 371512127 (514117 [633]), E,=1616 keV, gx=0.13,
v171633]1 @ w6+ (371402137 (4041},  E,=1985keV, gx=0.77,
v3T[512) @ w77 {37 [402]137[514]}, Ex=2004keV, gx =094,

The experimental gx value is measured to be 0.18(2) or 0.42(2) from the branching ra-
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tios. The negative sign of the mixing ratio & (see Section 3.3) agrees with (gx—gr) < 0
and hence g = 0.18(2). Therefore, the 3v{3  [512] 37 [514] 27 [633]} configuration
is assigned for this band. The calculated excitation energy of 1616 keV is also consistent
with the experimental value of 1645 keV. Structures of the 31/{% T [512] %_ [514]@vip}
or v6"{37[512] 17 [514]1} configuration are observed in "W [5], 8w [33],
"W [30] and are favoured due to the proximity of the $ [512] and 17[514] orbitals
to the neutron Fermi surface near N = 104,

The band build on the I = 271 state at E; = 2148 keV is observed up to I = 32—3 The
alignment shown in Fig. 11b is slightly depressed when compared to the K™ = %+ band
and remains constant even at larger rotational frequencies. This possibly indicates the
absence of a Coriolis mixing orbital, i.e. i 1 neutron or h% proton, in the configuration.

There are two such configurations that give rise to a low-lying I = % state:

[512] ® 78 {17[404]27[514]}, E,=1950keV, gk =0.69,

vi
vI7[514] @ w7~ {37 [402]27[514]}, E,=2038keV, gx=1.0,

Since both the above configurations have large positive gx values, a possibility of
(gx — gr) < 0 can be rejected. Thus, the observed gx values as a function of spin, i.e.

0.52(6), 0.86(3) and 0.96(4) (see Table 2), might indicate that the V%_ [512] ® w8~
configuration dominates at the bandhead spin region, and a mixing with the V%— [514]®
77~ configuration occurs at higher spins. A similar band, K™ = (22—3)+ {V%_[514] ®
78~} has been observed in "W and shows a small alignment [30]. It should also
be noted that both the 2-quasiproton configurations of 777~ and w8~ are observed at

excitation energies of 1857 and 1972 keV, respectively, in "W [5].

4.3.2. 5-quasiparticle configurations
The bandhead excitation energy and the spin value of the K™ = 222+ band correspond

to a S-quasiparticle configuration. Low-lying /™ = 22—9+ intrinsic states in !7’W can be
obtained by the following configurations:
v171633] @ w11+ {17 [541137 402127 (404137 [514]},
Ex =3254 keV, gx =0.82,
v BT71521137 (512117 (5141} @ 78 {1 (404137 [5141},
E, =3280 keV, gx =0.58,
v B3 512117 (51411716331} @ w5 {1 T (541137 [514]},
E, =3584 keV, gx =040.
The experimental value of gx = 0.49(6) removes the V%+ ® w11t possibility. Here,
the alternative gg value associated with the negative value of (gx — gr) can be rejected

by & > 0 obtained from the DCO ratio of the 144 keV transition (see Section 3.5).
A large alignment, { ~ 5 H, shown in Fig. 11c requires the presence of at least two
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aligned quasiparticles, e.g. V%Jr [633] and 772 [541] in the present case, supporting the

19+ ® 5" configuration assignment (K7 = 29+, 3} and (3}) bands all involve an ig
neutron but not an hg proton, showing smaller alignment ~3 £). The calculated energy of
3584 keV for this configuration is about 400 keV larger than the observed one. However,
a large residual spin-spin interaction known as the empirical Gallagher-Moszkowski
rules [34,35], which is not taken into account in the present calculation, is expected to
lower the calculated excitation energy. A band havmg the same structure involving an
iy neutron and an hy proton, K” = (317), 3»{37[512] 7 [514] $ (6241} ® 75T,
has been reported in 179y and smularly shows a large alignment, i ~ 5  [30]. On the
above basis, we a351gn the z/ “® w5+ configuration for the K7 = 29+ band.

The 3431 keV, 1 = 3 state has been observed with the half-life of 9(2) ns and has
been determined to have the same parity as the K = 21 band (see Section 3.6). The
positive parity assignment for the K = 221 band (see Section 4.3.1) results in the /7 = 32—l+
assignment for the 3431 keV level. Three possible configurations are considered to form
a low-lying I” = 121—+ state:

y T (3T 512117 (51412716331} @ w6t {37 (40211 [404]},
Ex=3416 keV, gx=0.52,

v371624) ® w11H{47 (5411571402127 (404127 (5141},
Ex = 3569 keV, gk = 0'71,

p (17521117 1633137 16241} @ w7 {37 (402137 [5141},
E, =3783 keV, gx=0.82.

The experimental values of gx = 0.45(3) or 0.15(3) and Ex = 3431 keV support
only the V ® 76" configuration. The v129 state is known at E; = 1645 keV
(see Sectlon 4.3.1), while w6™" states are systematically observed in the neighbouring
even—even Hf-W nuclei [36,37]. An excitation energy of 76" can be estimated as
Ex = 1786 keV by subtracting the »227 energy (1645 keV) from the »2" ® 76+
configuration (3431 keV), which is in good agreement with the excitation energy of
1757 keV for the 76" state in 32W [37]. The alignment shown in Fig. 11c is also
consistent with the proposed configuration, which involves only one Coriolis mixing
orbital.

The 3638 keV level is depopulated by the 208 keV transition to the K = 3— isomer.
The positive parity assignment for the 3431 keV level as well as the M1+M2 character
of the 208 keV transition lead to an /7 = %+ assignment for the 3638 keV level. The
following two 5-quasiparticle configurations are possible to give a low-lying I™ = §2§+
state:

y 171521127 163313 ' [6241} @ 78 {1 [404] 3 [5141},
Ex =3729 keV, gg =0.68.
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pA (37512117 514197 16241} © w6+ {37 (402127 [404] ),
E, =3731 keV, gx =0.44.

None of these configurations can be rejected by comparison with the measured values
of gk = 0.51(4) or 0.09(4) and E, = 3638 keV. The observed alignment shown in
Fig. 11c behaves like the K™ = %Jr and 121- bands which involve only one Coriolis
mixing orbital, v%+ [633]. Therefore, the 1/22—1+ ® 6" assignment is favoured for this
band which decays from its bandhead to the K = 32—‘ isomer by a simple change of the
in neutrons.

4.3.3. 7-quasiparticle configurations
The 4575 keV level is observed to decay to the K™ = 222+ band via the 336 (M1+M2)

and 609 keV (E2) transitions and is assigned as /7 = ( 4—2’+) (see Section 3.8). The spin
value and the excitation energy require a 7-quasiparticle excitation. Only the following

. . . +
configuration gives a low-lying I™ = %]- state:

v 71512117 (5141276331} @ w11t {17 (54118 (40212 (404157 [514]}.

The large alignment seen in Fig. 11c is similar to that of the K™ = %Jr band, and is
in accordance with the proposed configuration, partly consisting of the Coriolis mixing
V%+ [633] and 7717_ [541] orbitals both of which can cause large initial alignments. The
measured valued of gg = ~0.50 and E4 = 4575 can be compared with the calculated
values of g&' = 0.57 and E¥ = 4685 keV. Again, a residual spin-spin interaction is
expected to lower the calculated excitation energy (see Section 4.3.2). It should be
noted that the 7-quasiparticle, K™ = 27, v (37 [512] 17 [514] 27 (6241} @ w11+
structure at E, = 4610 keV with i ~ 5h in "W has been reported by Walker et
al. [30]. The present configuration assignments for the 3-, 5- and 7-quasiparticle states
are summarized in Table 5.

4.4. K-forbidden transitions and hindrance factors

Transitions decaying out of the K" = L22+, %9—+, 32—1 and 42-1+ bandheads are
K-forbidden, i.e. changes in the K values are greater than the transition multipole orders;
AK > A. The present analysis of the yy time difference spectra provides 7y, = 9(2) ns
for the 3431 keV, I = 32—1 state and Ty 2 < 1 ns limits for the K™ = %+ and %+ band-
heads. Table 6 summarizes the hindrance factors F and the hindrance factors per degree
of K-forbiddenness f, for the decays from the K™ = ]—29+, 22—9+ and %_.1- bandheads. Here,
the F and f, values are defined by

fo = F\" = (T,/Ty)'", (5)

where » is the order of K-forbiddenness, 7, and Tw are the measured partial y-ray
half-life and the Weisskopf estimate, respectively.
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Table 5
Configurations assigned to the bands in '77W

K" EJ?P Configuration?® E gt g
(keV)

L 1645 » 37[512) 27[514] 17 [633) 1616 0.18(2) 0.13

e 2148 v 17[512] 1950 071(20) 069
7 17[404] §7(514]

v 27 [514] 2038 1.0
m 3714021 271514

n 3203 v $7(512) 17[514) 1V (633] 3584 0.49(6) 0.40
73 (5411 $7[514]

3 3431 v 27(512] 175141 2V (633) 3416 045(3) 052
m 371402] 17404

) 3638 v 37[512] 17 [514] %+[624J 3731 0.51(4) 0.44
m $71402] 17 [404]

(%*) 4575 v 37(512] 17 [514] g*[6331 4685 ~0.509 0.57

mL70541) $71402) 1T 1d04]  $7(514]

@ p-configurations: § 15211 £ [512] 37 [514] 27[633] £7[624], m-configurations: 1 ~[541] $¥[402]
17[404] §7(514].
® Mean values of the measured g-factors listed in Table 2. Errors represent standard deviations.

¢ Mixing of two different 22—1+ configurations is suggested (see text for detail).

4 Obtained from the branching ratio at /7 = (47“).

The f, value of < 5.5 for the 1151 keV E2 transition from the 1645 keV, I™ = 12—9+
state lies on systematics of the hindrance factors as a function of the N,N, product
where the N, and N, are the valence nucleon numbers [38]. The systematics would
suggest a tendency towards axial asymmetry with increasing neutron numbers in the
A ~ 180 W-Os region [38]. Furthermore, the values of f, for the 5-qp — 3-gp
transitions (f, < 11 for the 1008 keV E2 transition and f, = 7.6 for the 610 keV E2
transition) are greater than that for the 1151 keV 3-qp — 1-qp transition. This is also
in accordance with the systematics presented in the above Ref. [38].

The most striking result listed in Table 6 is extremely small hindrances of the 1224,
1386 and 1764 keV transitions depopulating the 3203 keV, I™ = %Jr level, which are
10 or 9 times K-forbidden assuming that the 1224 and 1386 keV transitions are M1 and
the 1764 keV transition is E2. In spite of the nominally larger change of K value, these
transitions to the K7 = %+ band carry about an order of magnitude more intensity than
the transitions to the K™ = %+ band. This implies that the structure of the K™ = 2" band
must be complex in the [ = %N%Q region to facilitate the decay. So far, similar strongly
K-violating transitions have been observed in some nuclei, e.g. 4K = 14 transitions
in 74Hf [3] and "W [4]. The severe breakdown of the K selection rules has been
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Table 6

hindrance factors for the X-forbidden transitions depopulating the K7 = %i %Jr and % bandheads

e Tip Ey L U™, K); LAb v F fv
(ns) (keV) (%)

v« 661 9.9 A V1 5 <13x105 <11
812 41.8 17“,% Ml 5 <57x104 <89
1023 24.1 AN VT 5 <20x10° <11
1151 242 LY E 4 <89x10? <55

A 767 96  ZT.& M 4 <21%105 <21
1008 8.2 Bt L g 3 <14x10% <11

+

1224 705 YoM 10 <LIx108
1386 110 21 M1 10 <L1x108
1764 ~0.7 Y1 R 9 <27x10°

4 9 322 789° 2.4 M 4 20x10* 12
610 211P 2.4 m 3 44x102 76

? Intensities are extracted from the prompt-delayed matrix.
b Assuming M1 for 47 = 0, 1 transitions and E2 for A/ = 2 transitions.

attributed to the Coriolis K mixing [2] and to the large-amplitude y fluctuations of the
nuclear shapes [5]. In the following we will review recent ideas on the microscopic
theoretical calculations in terms of the y-tunneling model [8] and discuss the 4K =11
decays in '7W in this context.

4.5. y-tunneling decay rates

In a potential energy surface with €, and 7y as variables, low-X states (e.g. g-bands)
are found at the axis of y = 0°. On the other hand, in the same deformation plane high-X
states are identified near y = —120°. Low-K and high-K states have a similar quadrupole
deformation in the A ~ 180 region. Along a path parametrized by a deformation v, these
states are separated by a potential barrier. In the present model, we assume that no direct
transition exists between low-K and high-K states. The low-X (high-K) wave function is
considered to penetrates to the high-K (low-K) state by a tunneling through a potential
barrier, as described in Ref. [6]. The squared mixing amplitude a()? between the two
states at spin / F is obtained with the energy difference of the two coupling states AE;
and the coupling strength v (/) as

2 2
U([) ﬁw()
? =~ = T, 6
a(l) (AE, ) (27TAE, (6)
where T is the transmission coefficient and wq is the zero point frequency. The trans-
mission coefficient is approximated with the WKB action W as
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2w 2 1
T =~ exp — = exp -7 V2Mo(V — Ep)ds| , E0=5hw0, 7

path

where s is the invariant path parameter defined with respect to the mass tensor in units
of the spherical pairing hopping mass My (see Egs. (2.10) and (2.11) in Ref. [8]).
If the mass tensor is diagonal and takes a constant value of My, ds coincides with
€2 x dy (the trajectory is an arc of a radius €, ). Here, the two-dimensional deformation
parameter is replaced to the one-dimensional variable s where the effects of anisotropy
and coordinate-dependence of the mass tensor in the (e;,%) plane are included. The
quantities V and Ep are the potential energy along the least action path and the zero
point energy of the higher well corresponding to the high-K state. The least action path
is determined by the Schmid’s method [39]. In the calculation of the least action W,
the mass tensor and the potential energy surface have to be evaluated. As for the former,
we have used the one derived by extending the pairing hopping mass model [40] to a
multi-dimensional case of the (€3,7y) coordinate. More details of the model used here
are described in Ref. [8].

Once obtaining the mixing amplitude, the transition probabilities can be written as a
product of the transition rate inside the each band and the squared mixing amplitude:

3
B(M1) =a(1i)2gu%v [(gk, — gr) Ke(Ii K¢ 10| IeKs)

—8u1,(gk, — gR)Ki (LK 10/LK:)]*
5
B(E2) = a(1)* 22— [Qn (hK:20|1¢Kr) — 8110k, (L K20 LK)

where uy is the nuclear magneton, gx and gg are the g-factor of the intrinsic states
and of the collective rotor and Q is the quadrupole moment. The indexes i and f denote
the initial (high-K) and final (low-K) states. Note that if ; # I; the state |KsIf) has
no state to couple so that the second term in the right-hand side of Egs. (8) and (8)
vanishes. The experimental values are used for AE; and (gx —gg) in Eqs. (6) and (8).

The potential energy surface for each signature and parity state is calculated by
the standard cranked Nilsson-Strutinsky method at a given angular momentum by an
interpolation procedure [41]. The pairing correlations are treated within the Random
Phase Approximation. The strength of pairing correlations is determined by the smoothed
pairing method [42] using 4= 12/\/Z MeV. The €4 parameter at each (e2,7) is
determined so as to minimize the total energy obtained by the self-consistent treatment
of the pairing correlations. Fig. 13 shows a potential energy surface at /7 = %Jr in
"77W . The least action path drawn with a solid line goes on slanting surface in contrast
to the adiabatic path (used in Ref. [5]) which takes the steepest way via the saddle
and local minimum points. The least action is about 10% smaller than the adiabatic
action, resulting in the smaller hindrance by an order of magnitude, as is pointed out in

Ref. [8].
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Fig. 13. The potential energy surface for 1TTW at I™ = 229+. The potential minima and maxima are marked
by solid circles and solid triangle, while saddle points are marked by crosses. The solid curve shows the
Schmid’s least action path. The energy contour is drawn at intervals of 500 keV.
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Table 7
Comparison of the calculated and experimental hindrance factors of the transitions from the K™ = %+ state in

177, The hindrance factors for the 47 = 0 and 1 transitions are normalized with respect to the M1 Weisskopf
estimates (see Eq. (8)). Calculated values of the least action W, the zero point energy Eg, the quadrupole
moments Qg,, Ok, and the reduced transition probabilities B(M1) and B(E2) are also shown as well as the
experimental (gk, — gr) and (g, — gr) values. Each transition is indicated by KT and /T of the final state

and the y-ray transition energy Ey

KT Ti2 8k, — &R Ok, W (h) Ey (MeV)
KT AK 8k; — 8R Ok,
5 E, (keV)  B(MD) (#})  B(E2) (£’b%) Feal Fexp
t <lons 0.19 6.5 6.89 0.67
I —0.41 72
%* 1764 - 51x 1078 12 x 10° <27 x 10°
zr 1386 7.1x107° 13x 1078 72x 107 <L1x 108
2+ 1224 6.8 x 1078 25x 1077 5.4 x 105 <11 x 103

The results of the calculations of the least action and the transition probabilities are
summarized in Table 7. The calculated hindrance factors are obtained as
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Fig. 14. Comparison between the calculated and observed hindrance factors for the A/ = 2 transitions with

AK > 10 in the Hf, W and Os nuclei. The data except for !77W are taken from Ref. {8] and references
therein.

B BY(M1) /[B(M1)® +0.693E2B(E2)™] for 41 =0, 1 transitions, )
1 =
) BV (E2)/ B(B2)™ for Al =2 transitions,

where E, is the transition energy in MeV and BY(M1) and B (E2) are the Weisskopf
estimates of reduced transition probabilities. Note that both the M1 and E2 components
contribute to the 47 = 0 or 1 transitions in our model. In Table 7, the measured and
calculated hindrance factors for the transitions from the 3203 keV, [ = 22—9+ state are
compared. The calculated value for the 1764 keV transition agrees with the observed
value. This is a further case where the y-tunneling decay probabilities are consistent with
the measured small hindrances found in other large AKX transitions [5,8]. For the Al =0
or 1 transitions, the calculated hindrance factors are at least one order of magnitude
larger than the experimental values as already reported in Ref. [8].

In Fig. 14, the calculated and observed hindrance factors for the 47 = 2 transitions with
AK > 10 in the Hf, W and Os nuclei are plotted. Final states of all the transitions are
K = 0 states (g- or s-band) for the even-even nuclei, or 1-quasiparticle band members
for the odd-A nuclei. The measured hindrance factors spread in a wide range of more
than five orders of magnitude. Particularly, the differences in the observed hindrance
factors are quite large in two cases of ['82W, 1840s] and [!7*Hf, '"W], although the
initial states of each case have same configurations, i.e. V10+{%+[624] ‘2—1+[615]} for
182W and '840s, and »6~ {3 [512] 17[633]1} @ 78~ {1'[404] §7[514]} for T*Hf
and '"SW. It should be noted here that the configuration of the high-K states is not so
important in the y-tunneling mechanism in the sense that the action is solely determined
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by the shape of the potential energy surface. In contrast, if the Coriolis coupling gives
a dominant contribution, the decay rates would strongly depend on the configuration.
Therefore, the agreements between the observed and calculated hindrance factors shown
in Fig. 14 emphasize the importance of y fluctuations in certain K-isomer decays. It is
worthwhile to note here that the WKB action for the 4K = 11 decay of the 3225 keV,
I™ = %+ state to the K™ = %+ band members in "W is calculated to be about 3 h
larger, resulting in about 100 times larger hindrances than the 4K = 11 decay in '77W.
Since in both the decays the initial states have a similar configuration (see Section 4.3.2)
and the final states are the members of the i3 neutron bands, it is interesting to compare
the vy-tunneling probabilities with the measured decay rates from the above point of
view. So far, no such transition in '”*W has been experimentally known [30], which is
consistent with the results of the calculations. Measurements of the partial decay rates
of those transitions will offer a further good opportunity to test the present model.
Finally, the apparent breakdown of the K-selection rule for the AKX = 11 transitions
in '"7"W should be discussed in terms of K mixing mediated by the presence of a
t-band. In the A ~ 180 region, a Fermi aligned band (t-band) [43], which involves the
1/{%+ [633] %+ [624] } k=5 configuration, is energetically favoured relative to a rotational
aligned band (an s-band; X ~ 0), and has been ascribed to cause band crossings with
the g-bands [44]. Since t-bands have large angular momentum projections on both the
nuclear symmetry axis and the rotation axis, t- and g-bands interactions would introduce
high-K components into the g-bands. In this context, the anomalous K-violating decays
have been interpreted as normal K inhibition [2,30]. However, in the case of 17TW. the

populated states following the decays of the 3203 keV, I” = 22—9+ level are members of the

iz neutron band, i.e. V%+ [633] and hence crossings with the associated t-bands, possibly

a 3V{%+[633] %+[624] %+[615]} structure, would not proceed at the observed spin
region. Therefore, the interpretations of the K mixing through the t-band would not lend
a support for the K violation observed in 7'W.

5. Conclusions

Nuclear structure of '”7W has been studied using the %Dy ('80,5n) reaction at a beam
energy of 83 MeV. Six new high-K bands associated with 3-, 5- and 7-quasiparticle exci-
tations have been found in !”?W. Comparisons of the observed and theoretical g-factors,
excitation energies and alignments allowed the Nilsson configuration assignments for
these high-K bands. Transitions from a K = 329 structure bypassing small step changes
of K in favour of much larger steps have been observed. The mechanism causing this
anomalous decay was well explained by the y-tunneling model which describes fluc-
tuations of the triaxial degree of freedom. Although other decay modes, e.g. due to
fluctuations of the spin orientation [45], have to be incorporated to understand the
whole mechanism of K-isomer decays, a consistency of the observed decay rates with
the calculated y-tunneling probabilities over the wide range of the measured hindrance
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factors in various nuclei suggests to need fluctuations on the triaxial deformation at least
for large AK transitions.

Acknowledgements

We would like to thank Prof. Y. Gono for stimulating discussions. We also thank the
technical staff at the Niels Bohr Institute for help during the experiment. This work was
supported by the Danish, Finnish and Swedish Natural Science.

References

[1] K.E.G. Lgbner, Phys. Lett. B 26 (1968) 369.

{2] PM. Walker, G. Sletten, N.L. Gjgrup, M.A. Bentley, J. Borggreen, B. Fabricius, A. Holm, D. Howe,
J. Pedersen, J.W. Roberts and J.F. Sharpey-Schafer, Phys. Rev. Lett. 65 (1990) 416.

[3] N.L. Gjgrup, PM. Walker, G. Sletten, M.A. Bentley, B. Fabricius and J.F. Sharpey-Schafer, Nucl. Phys
A 582 (1995) 369.

[4] B. Crowell, P. Chowdhury, S.J. Freeman, C.J. Lister, M.P. Carpenter, R.G. Henry, R.V.E Janssens,
TL. Khoo, T. Lauritsen, Y. Liang, F. Soramel and 1.G. Bearden, Phys. Rev. Lett. 72 (1994) 1164.

[5{ B. Crowell, P. Chowdhury, D.J. Blumenthal, S.J. Freeman, CJ. Lister, M.P. Carpenter, R.G. Henry,
R.V.E. Janssens, T.L. Khoo, T. Lauritsen, Y. Liang, F. Soramel and 1.G. Bearden, Phys. Rev. C 53
(1996) 1173.

[6] P. Chowdhury, B. Fabricius, C. Christensen, F. Azgui, S. Bjgrnholm, J. Borggreen, A. Holm, J. Pedersen,
G. Sletten, M.A. Bentley, D. Howe, A.R. Mokhtar, J.D. Morrison, J.F. Sharpey-Schafer, PM. Walker
and R.M. Lieder, Nucl. Phys. A 485 (1988) 136.

[7] T. Bengtsson, R.A. Broglia, E. Vigezzi, F. Barranco, F. Dgnau and Jing ye Zhang, Phys. Rev. Lett. 62
(1989) 2448.

{8} K. Narimatsu, Y.R. Shimizu and T. Shizuma, Nucl. Phys. A 601 (1996) 69.

[9] D.C. Radford, Proc. Int. Seminar on the frontier of nuclear spectroscopy, ed. Y. Yoshizawa, H. Kusakari
and T. Otsuka (World Scientific, Singapore, 1993) 229.

[10} D.C. Radford, HR. Andrews, G.C. Ball, D. Hom, D. Ward, F Banville, S. Flibotte, P. Taras,
J.K. Johansson, D. Tucker, J.C. Waddington, M.A. Riley, G.B. Hagemann and I. Hamamoto, Nucl.
Phys. A 545 (1992) 665.

[11] K.S. Krane, R.M. Steffen and R.M. Wheeler, Nucl. Data Tables 11 (1973) 351.

[12] L.P. Ekstrom and A. Nordlund, Nucl. Instr. and Meth. A 313 (1992) 421.

[13] PEA. Goudsmit, J. Konijn and EW.N. de Boer, Nucl. Phys. A 151 (1970) 513.

[ 14] B. Harmatz, D.J. Horen and Y.A. Ellis, Phys. Rev. C 12 (1975) 1083.

{15} EM. Bemthal, C.L. Dors, B.D. Jeltema, T.L. Khoo and R.A. Warner, Phys. Lett. B 64 (1976) 147.

[16] A. Krimer-Flecken, Ph.D. Thesis, Jiil-Spez-458, 1988.

[17] R.S. Hager and E.C. Seltzer, Nucl. data A 4 (1968) 1.

[18] T.L. Khoo, J.C. Waddington and M.W. Johns, Can. J. Phys. 51 (1973) 2307.

[19] A. Bohr and B.R. Mottelson, Nuclear Structure, Vol. 2 (Benjamin, Reading, 1975).

[20] F. Dénau and S. Frauendorf, in High angular momentum properties of nuclei, ed. N.R. Johnson (Harward
Academic, Chur, Switzerland, 1983) p. 143.

[21] R.A. Bark, G.B. Hagemann, B. Herskind, H.J. Jensen, W. Korten, J. Wrzesinski, H. Carlsson,
M. Bergstrom, A. Brockstedt, A. Nordlund, H. Ryde, P. Bosetti, S. Leoni, F. Ingebretsen and PO. Tjgm,
Nucl. Phys. A 591 (1995) 265.

{22| H. Morinaga and T. Yamazaki, In-beam Gamma-ray Spectroscopy (North-Holland, Amsterdam, 1975).

[23] R. Bengtsson, S. Frauendorf and FR. May, At. Data and Nucl. Data Tables 35 (1986) 15.

[24] R. Bengtsson and S. Franendorf, Nucl. Phys. A 327 (1979) 139.

[25] 1.D. Garrett, O. Andersen, J.J. Gaardhgje, G.B. Hagemann, B. Herskind, J. Kownacki, J.C. Lisle,
L.L. Riedinger, W. Walds, N. Roy, S. Jénsson, H. Ryde, M. Guttormsen and PO. Tjgpm, Phys. Rev. Lett.
47 (1981) 75.



798 T. Shizuma et al./Nuclear Physics A 626 (1997) 760-798

[26] G.D. Dracoulis, C. Fahlander and A.P. Byme, Nucl. Phys. A 401 (1983) 490.

[27] D.L. Balabanski, R.M. Lieder, T. Kutsarova, W. Gast, G. Hebbinghaus, A. Krimer-Flecken, T. Rzaca-
Urban, H. Schnare, W. Urban, G. Sletten, K.H. Maier and K.O. Zell, Nucl. Phys. A 563 (1993) 129.

[28] G.D. Dracoulis, B. Fabricius, A.P. Byme, A.E. Stuchbery, A.M. Baxter, K.P. Lieb, K.J. Schiffer and
T. Kibedi, Phys. Lett. B 257 (1991) 21.

129] R.A. Bark, S.W. @degérd, R. Bengtsson, 1.G. Bearden, G.B. Hagemann, B. Herskind, F. Ingebretsen,
S. Leoni, H. Ryde, T. Shizuma, K. Strihle, P.O. Tjgm and J. Wrzesinski, Phys. Rev. C 52 (1995) R450.

[30] PM. Walker, G.D. Dracoulis, A.P. Byrne, B. Fabricius, T. Kib&di, A.E. Stuchbery and N. Rowley, Nucl.
Phys. A 568 (1994) 397.

[31] EG. Kondev, G.D. Dracoulis, A.P. Byme, M. Dasgupta, T. Kibedi and G.J. Lane, Nucl. Phys. A 601
(1996) 195.

[32] M. Dasgupta, PM. Walker, G.D. Dracoulis, A.P. Byrne, PH. Regan, T. Kibedi, G.J. Lane and K.C. Yeung,
Phys. Lett. B 328 (1994) 16.

[33] C.L. Dors, EM. Bernthal, T.L. Khoo and C.H. King, Nucl. Phys. A 314 (1979) 61.

[34] K. Jain, O. Burglin, G.D. Dracoulis, B. Fabricius, N. Rowley and PM. Walker, Nucl. Phys. A 591
(1995) 61.

[35] CJ. Gallagher and S.A. Moszkowski, Phys. Rev. 111 (1958) 1282.

[36] PM. Walker, Phys. Scr. T 5 (1983) 29.

[37] B.D. Jeltema, EM. Bemnthal, T.L. Khoo and C.L. Dors, Nucl. Phys. A 280 (1977) 21.

[38] PM. Walker, J. Phys. G 16 (1990) L233.

[39] A. Schmid, Ann. Phys. 170 (1986) 333.

[40] F Barranco, G.F. Bertsch, R.A. Broglia and E. Vigezzi, Nucl. Phys. A 512 (1990) 253.

{41] T. Bengtsson, Nucl. Phys. A 496 (1989) 56.

[42] M. Brack, J. Damgaard, A.S. Jensen, H.C. Pauli, V.M. Strutinsky and C.Y. Wong, Rev. Mod. Phys. 44
(1972) 320.

[43] S. Frauendorf, Nucl. Phys. A 557 (1993) 259c.

|44] PM. Walker, K.C. Yeung, G.D. Dracoulis, PH. Regan, G.J. Lane, PM. Davidson and A.E. Stuchbery,
Phys. Lett. B 309 (1993) 17.

[45] S. Frauendorf, Proc. Int. Conf. on The Future of Nuclear Spectroscopy, Crete, 1993, eds. W.Gelletly,
C.A Kalfas, R.Vlastou, S.Harissopulos and D.Loukas, I.N.P,, National Centre for Scientific Research
Demokritos, Athens (1994) 112.

[46] A K. Jain, R.K. Sheline, P.C. Sood and K. Jain, Rev. Mod. Phys. 62 (1990) 393.



